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Corn cobs were evaluated as raw material in the production of an adsorbent for phenylalanine removal
from aqueous solutions. Batch adsorption studies were conducted at 25, 35 and 45 C, respectively.
Adsorption equilibrium was attained after 3 h and Langmuir, Freundlich, Temkin, and Langmuir
eFreundlich models were tested for equilibrium description, with LangmuireFreundlich providing the
best ﬁts. Adsorption kinetics was better described by a pseudo-second-order model. The predominant
adsorption mechanism was veriﬁed to be of the p-p type of interaction between the aromatic ring of
phenylalanine molecule and the graphene rings at the carbon surface. Other mechanisms were also
observed. The maximum value of uptake capacity, 109 mg g1, was similar or higher than values
encountered in the literature for other types of adsorbents.
 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Amino acids are biomolecules of great relevance in many ﬁelds,
widely used in the food, pharmaceutical, and agrochemical indus-
tries. Amongst the 20 common amino acids used to biochemically
build proteins and perform other functions in the human body, nine
are classiﬁed as essential, due to the inability of the human body to
synthesize them. Phenylalanine (Phe) is a non-polar aromatic
amino acid, classiﬁed as essential, and extensively used as ingre-
dient in the food, pharmaceutical and nutrition industries, with
a large demand for its free form for the synthesis of the artiﬁcial
sweetener aspartame, used as ingredient in diet-labeled drinks and
food (Sprenger, 2007).
Regardless of the production process of phenylalanine (extrac-
tion from natural products, chemical synthesis or microbiological
fermentation), product separation, recovery and puriﬁcation steps
are required. The commonly employed processes for these purposes
are based on selective adsorption of Phe on solid matrices, e.g., ion
exchange resins or activated carbons, followed by its desorption and
crystallization. Adsorption is also the process employed for the
removal of phenylalanine from protein hydrolysates in the, activated defective coffee
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sevier OA license.preparation of Phe-free dietary formulas for treatment of phenyl-
ketonuria patients (Clark, Alves, Franca, & Oliveira, 2012). Many
studies have been reported in the scientiﬁc literature dealing with
the adsorption of phenylalanine on materials such as activated
carbons, zeolites, ion exchangers, polymeric resins and others (Díez,
Leitão, Ferreira, & Rodrigues, 1998; Titus, Kalkar, & Gaikar, 2003;
Garnier et al., 2007; Piao, Liu, Li, & Wang, 2009; Ghosh,
Badruddoza, Uddin, & Hidajat, 2011; Fei-Peng, Zhao-Di, Li, & Xiao-
Qing, 2012). However, high costs are associated with the produc-
tion and regeneration of such adsorbents and these costs could be
reduced by the use of low-cost adsorbents (Clark et al., 2012).
Agricultural wastes are the most common raw materials being
studied as potential precursors for the preparation of low-cost
adsorbents, since they are renewable, available in large amounts
and potentially less expensive than other materials to manufacture
a diversity of adsorbents. Brazil is the third largest corn producer in
theworld, with an expected production of almost 52million tons in
2012. Solid residues from corn production such as corn cobs present
great potential for use as raw materials in the production of
adsorbents (Bagheri & Abedi, 2011). Reports on the use of agricul-
tural residues for Phe removal from aqueous solutions by adsor-
bents based on agricultural residues are not available in the
literature, with the exception of our previous study employing
defective coffee bean press cake (Clark et al., 2012). Changes in the
precursor material signiﬁcantly modify the physico-chemical
characteristics of the adsorbing surfaces and thus signiﬁcantly
affect the types of adsorbateeadsorbent interactions, which, in the
C.C.O. Alves et al. / LWT - Food Science and Technology 51 (2013) 1e82case of phenylalanine, range from hydrogen bonding to Coulombic
to hydrophobic interactions. Hence, studies of adsorption of
phenylalanine onto residue-based adsorbents will contribute to
a better understanding of the adsorption of this type of amino acid
on such materials and also provide theoretical guides for the
implementation of practical processes such as separation or puri-
ﬁcation of this amino acid.
In view of the aforementioned, the objective of this work was to
evaluate the performance of corn cobs in the production of adsor-
bents for Phe removal from aqueous solutions.
2. Materials and methods
2.1. Materials
Corn cobs were provided by EMBRAPA (Sete Lagoas, Brazil). The
phenylalanine standard and other reagents were purchased from
SigmaeAldrich (SP, Brazil).
2.2. Adsorbent preparation
The adsorbent was prepared according to the procedure
employed in a previous study (Clark et al., 2012) using coffee press
cake as a precursor material (3 min impregnation with H3PO4 fol-
lowed by 1 h activation in a mufﬂe furnace). The activated material
was cooled under nitrogen and washed with distilled water until
constant pH ¼ 6, dried at 105 C for 24 h and ground (Arbel grinder,
São Paulo, Brazil, 0.15 < D < 1.00 mm). The following activation
temperatures were tested: 300, 350, 400, 450 and 500 C (solution
pH ¼ 6, adsorbent dosage ¼ 10 mg L1 and initial Phe
concentration¼ 500mg L1). Theproduced adsorbentwill be herein
denominated CCAC. The adsorbent prepared by activation of defec-
tive coffee press cake by Clark et al. (2012) will be referred as DCAC.
2.3. Adsorbent characterization
Surface area, pore volume, Point of Zero Charge (pHPZC) and
surface functional groups were determined using the same meth-
odologies described in Clark et al. (2012). Functional groups were
also examined using Fourier Transform Infrared (FTIR) spectros-
copy, before and after Phe adsorption. The FTIR spectra were
recorded on a Shimadzu IRAfﬁnity-1 spectrometer (Japan) oper-
ating in the range of 400e4000 cm1, with a resolution of 4 cm1.
The surface of the adsorbent was also characterized by Scanning
Electron Microscopy (SEM) using a MEVLEO-Evo40xvp microscope.
2.4. Adsorption studies
Batch experiments of adsorption were performed in 250 mL
Erlenmeyer ﬂasks agitated on a shaker at 100 rpm for pre-
determined time intervals. In all experiments, a pre-determined
amount of adsorbent was mixed with 150 mL Phe solution.
Preliminary tests were conducted at 25 C and at a ﬁxed initial Phe
concentration (500mg L1). Effect of particle size (D) was evaluated
in the ranges: 0.15 < D < 0.43 mm; 0.43 < D < 0.84 mm;
0.84 < D < 1.00 mm (solution pH ¼ 6, adsorbent
dosage ¼ 10 mg L1). Effect of initial solution pH was evaluated in
the range of 2e10 (adsorbent dosage¼ 10mg L1) and of adsorbent
concentration in the range of 5e40 g L1 (solution pH¼ 6). Effect of
contact time was evaluated at time periods from 5 min to 12 h and
initial Phe concentrations from 200 to 1500 mg L1, employing the
best values obtained for initial solution pH, particle size and
adsorbent concentration. After the speciﬁed time periods, 2 mL
aliquots were taken from the ﬂasks and centrifuged. The Phe
concentration was determined in the supernatant by UVeVisspectrophotometer (Hitachi U-2010) at 257 nm. The amount of
Phe adsorbed per unit mass of adsorbent (qt, mg g1) and Phe
removal percentage (%R) were calculated as:
qt ¼ ðC0  CtÞV=W (1)
% R ¼ ðC0  CtÞ  100=C0 (2)
where C0 and Ct (mg L1) are the liquid-phase Phe concentrations at
initial and sampling times, respectively, V is the volume of solution
(L) and W is the mass of dry adsorbent used (g). Kinetics and
equilibrium studies were performed at 25, 35 and 45 C. All tests
were performed in three replicates.
3. Results and discussion
3.1. Preliminary results
Preliminaryadsorption tests were employed to evaluate the
effect of activation temperature on Phe removal. Similar adsorption
performances were obtained at 400, 450 and 500 C after equilib-
rium was reached (w87 %R), whereas poorer performances were
observed at 300 and 350 C (w56 and 77 %R, respectively). The
chosen activation temperature was 400 C, since adsorption
performance was similar to that of carbons prepared at higher
temperatures.
3.2. Adsorbent characterization
The nitrogen adsorption/desorption isothermsmeasured at 77 K
are shown in Fig. 1a. The isotherms obtained when applying the
same activation procedure to defective coffee press cake (Clark
et al., 2012), were classiﬁed as Type I because they presented
a plateau that was almost horizontal and parallel to the pressure
axis. In this study, such plateau was not reached, indicating
widening of pores. Furthermore, the small amount of hysteresis
observed in Fig. 1a indicates mesoporosity starting to develop, also
characteristic of Type IV isotherms. Reffas et al. (2010) prepared
activated carbons by H3PO4-based activation of spent coffee
grounds. They observed a Type I isotherm typical of microporous
materials for adsorbents prepared with low impregnation rate
(IR¼ 30%). As the impregnation rate increased some hysteresis was
observed, up to a point (IR  120%) where behavior changed and
the isotherms assumed Type IV characteristics, associated with the
presence of slit-shaped mesopores, similar to that shown in Fig. 1a.
Surface and pore structure parameters derived from the
nitrogen isotherms are compiled in Table 1. The produced adsor-
bent presents both micro and mesopores (approximately 68 and
21% of the total surface area, respectively). Both the speciﬁc surface
area and total pore volume of the prepared adsorbent (CCAC) are
comparable to those obtained by activation of spent coffee grounds
with H3PO4 at high impregnation rates (SGAC3). Evaluation of data
in Table 1 shows that SGAC3 is strictly mesoporous. The adsorbent
prepared in our study, however, is mostly microporous, even
though the impregnation rate was high. Such difference is attrib-
uted to differences in original porosity of the raw materials
employed for production of the adsorbents (Zhang, Ghaly, & Li,
2012). The adsorbent prepared by activation of defective coffee
press cake (DCAC) under the same conditions presented much
lower surface area in comparison to the one herein prepared,
conﬁrming the signiﬁcant effect the precursor material have on the
physical properties of the prepared adsorbent. Furthermore, the
impregnation time employed in our study, 3 min, is signiﬁcantly
shorter than that employed by Reffas et al. (2010), 3 h, thus not
being enough to increase the volume of mesopores. Nonetheless,
Fig. 1. (a) Adsorption (full symbols) and desorption (open symbols) isotherm of
nitrogen at 77 K; (b) SEM image (400) of the prepared adsorbent and (c) FTIR spectra
before and after Phe adsorption.
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thus both the mesopores (3.6 nm average diameter) and micro-
pores (1.3 nm average diameter) of the corn cob-based adsorbent
should be accessible to the amino acid. The micro and mesoporousTable 1
Textural properties of the prepared adsorbent in comparison to other residue-based ads
Adsorbent
(impregnation
2rate)
ST (m2 g1) VT (cm3 g1) Mesopore
Sme Vme
(m2.g1) % (cm3.g1)
CCAC (168%) 893.7 0.612 192.4 21.5 0.248
DCAC (168%) 490.8 0.277 31.0 6.3 0.0340
SGAC1 (30%) 514 0.280 103 20.6 0.066
SGAC2 (120%) 745 0.446 417 56.0 0.279
SGAC3 (180%) 925 0.718 821 88.8 0.666
VT, total pore volume; ST, total surface area; Sme, mesopore surface area; Vme, mesopore vo
(impregnation with H3PO4 followed by 1 h carbonization at 400 C); DCAC, activated defec
at 350 C); SGAC1, activated spent coffee grounds with low impregnation ratio (impregnat
coffee grounds with medium/high impregnation ratio (impregnation with H3PO4 120% fo
high impregnation ratio (impregnation with H3PO4 180% followed by 1 h carbonizationstructure of the prepared adsorbent, as well as the presence of
some slit-shaped pores can be seen in the SEM image in Fig. 1b.
The functional groups at the surface of the adsorbent, charac-
terized by the Boehm method, were predominantly acid
(8.08 mmol/gsorbent), distributed as phenolic (6.66 mmol/gsorbent),
carboxylic (0.46 mmol/gsorbent) and lactonic (0.95 mmol/gsorbent)
groups. The amount of basic groups was 0.04 mmol/gsorbent. The
predominance of acidic surface groups was reported for other
adsorbents prepared with H3PO4 (Prahas, Kartika, Indraswati, &
Ismaji, 2008; Reffas et al., 2010; Clark et al., 2012) at low activa-
tion temperatures (350e450 C). According to Franca, Oliveira,
Nunes, and Alves (2010), thermal degradation of acid groups
should start at temperatures higher than 500 C. The titration
curves for evaluation of the pHPZC converged to a value of 3, and
therefore the adsorbent surface will be negatively charged for pH
higher than 3. The low pHPZC is in agreement with the predomi-
nance of surface acid groups. Similar pHPZC values, in the range of
2e3.7, were reported in other studies employing H3PO4 as
activating agent (Prahas et al., 2008; Reffas et al., 2010; Clark
et al., 2012).
The FTIR spectra for the activated carbon before (A) and after
adsorption (B) of Phe and of pure Phenylalanine (C) are presented in
Fig. 1c. The spectrum for the activated carbon (A) was similar to
those reported in the literature for chemical activation of ligno-
cellulosic materials by H3PO4 (Reffas et al., 2010; Puziy et al., 2007).
A broad band is seen in the region between 1300 and 1000 cm1,
withmaxima at 1100 and 1263 cm1, and is usually assigned to CeO
stretching in acids, alcohols, phenols, ethers and esters (Reffas et al.,
2010). However, it is also characteristic of phosphocarbonaceous
compounds present in H3PO4 activated carbon. The small band at
1100 cm1 is attributed to ionized linkage PþeO in phosphate
esters or to symmetrical vibration in a PeOeP chain, being reported
to become better deﬁned with an increase in impregnation rate
(Reffas et al., 2010). It was not present in the carbonized corn cob
without chemical activation (spectrum not shown). The band at
1263 cm1 is attributed to stretching vibrations of P¼O. The weak
band at w830 cm1 is assigned to the combination of stretching
vibration of PeO, angular deformation of PeOH and stretching of
CeP (Podstawka, Kudelski, Kafarski, & Proniewicz, 2007). Bands at
wavelengths ranging from 1040 to 1060 cm1 (eOCH3) and near
1735 cm1 (C¼O stretching band) have been reported in association
with the presence of lignin and hemicellulose esters (Suarez-
Garcia, Martinez-Alonso, & Tascon, 2002) and were not detected
in CCAC. This is attributed to hydrolysis of lignin and hemicellulose
constituent esters by the activating agent.
Regarding the spectrum for Phe-adsorbed activated carbon (B),
several features were changed in relation to both the spectrum for
the activated carbon (A) and the spectrum for pure Phe (C). From
(C), bands at 700, 1074, 1560 and 1625 cm1 can be attributed toorbents prepared by thermo-chemical treatment with H3PO4.
Micropore Ref.
Smi Vmi
% (m2.g1) % (cm3.g1) %
40.5 610.6 68.3 0.288 47.1 This study
12.3 421.5 85.9 0.1995 72.1 Clark et al. (2012)
23.6 311 60.5 0.169 60.4 Reffas et al. (2010)
62.5 158 21.2 0.100 22.4 Reffas et al. (2010)
92.8 60 6.5 0.046 6.9 Reffas et al. (2010)
lume; Smi, micropore surface area; Vmi, micropore volume; CCAC, activated corn cobs
tive coffee bean press cake (impregnation with H3PO4 followed by 1 h carbonization
ion with H3PO4 30% followed by 1 h carbonization at 450 C); SGAC2, activated spent
llowed by 1 h carbonization at 450 C); SGAC3, activated spent coffee grounds with
at 450 C).
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Fig. 2. Effects of (a) particle diameter, D; (b) Initial solution pH and (c) adsorbent
dosage on phenylalanine adsorption (25 C; initial Phe concentration: 500 mg L1).
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2012). The intensities of these bands were greatly reduced in (B)
together with that of the 1560 cm1 band in (A), indicating that
Phe adsorption occurred with strong interactions between the
phenyl rings of Phe molecules and the graphene rings of the
adsorbent surface. Works in the literature have already hypothe-
sized and veriﬁed Phe adsorption to occur mainly by hydrophobic
interactions of the pep type (Doulia, Rigas, & Gimouhopoulos,
2001; Piao et al., 2009; Clark et al., 2012). The bands in (C) at
w1305 and w1410 cm1 are assigned to the vibrations of ionized
carboxylic groups and those at w3060 and w850 cm1 are
assigned to the eNH3þ group (Piao et al., 2009). The bands at 1305
and 1410 cm1 have almost disappeared in (B), indicating that Phe
adsorption also occurred with interactions between ionized
carboxylic groups of the Phe molecule and groups at the adsorbent
surface. Another type of interaction that can be hypothesized is
hydrogen bonding between Phe amino groups and oxygenated
groups at the surface in lieu of the downshift from 850 to 825 cm1
in the band due to Phe amino group (Piao et al., 2009). Aside from
these interactions, here, it is also evident that Phe molecules are
also adsorbed by interaction with phosphate groups introduced at
the adsorbent surface upon chemical activation of the precursor
material. The characteristic band of the stretching vibrations of
P¼O linkages, 1263 cm1, is downshifted to 1220 cm1, charac-
teristic of phosphonates. We herein hypothesize that phospho-
nates are formed by interaction of carboxylic groups of
phenylalanine molecules with phosphate groups that are inter-
linking the graphene sheets comprising the main structure of the
adsorbent.
3.3. Inﬂuence of particle size, solution pH and adsorbent dosage
Results on the effects of particle size, initial pH and adsorbent
dosage are shown in Fig. 2. Phe uptake increased with the decrease
in particle size (Fig. 2a), since the accessibility to the particles pores
was further facilitated by the decrease in particle size. Such
behavior was also reported by Clark et al. (2012); however, with
a decrease in adsorption efﬁciency when particle diameter was
reduced below 0.50 mm, because ﬁner particles were suspended in
the aqueous solution (lower density) and not properly contacted
with the adsorbate. Such effect was not observed here, and the
remaining experiments were conducted employing the adsorbent
in the particle diameter range: 0.15 < D < 0.43 mm.
Amino acids present both acid and base characteristics and thus
changes in solution pH are expected to affect the adsorption
mechanism and the extent in which Phe will be adsorbed onto the
solid surface. Phenylalanine presents dissociation constants
pK1 ¼1.83 and pK2 ¼ 9.13 and isoelectric point pI ¼ 5.48 (Fei-Peng
et al., 2012). Results on the effects of initial solution pH on
adsorption performance (Fig. 2b) demonstrated that at pHs 4 and 6
similar values for Phe loading were attained after equilibrium
(w38 mg/g), whereas at pHs 8 and 10 lower capacities were
observed (w35 mg/g) and at pH 2 even lower capacities (w30 mg/
g). At pH 2, below pHPZC and pI, Phe molecules are predominantly
positively charged whereas the adsorbent surface is only slightly
positively charged (due to a few basic groups), so electrostatic
repulsion is weak, and adsorption is occurring strictly by hydro-
phobic interactions. In pH range of 4e6, encompassing the pI, Phe
presents both negative and positive charges, so electrostatic
attraction between protonated amino groups and the negatively
charged adsorbent surface favors adsorption, whatever the
ultimate adsorption mechanism might be. When the adsorbent
surface is negatively charged, Phe is adsorbed in the neutral
form, with the phenyl ring oriented parallel to the surface and
with both amino and carboxylic groups of the Phe moleculeinteracting with the surface and with other Phe molecules by
hydrogen bonding (Li, Chen, Roscoe& Lipkowski, 2001). At pH 8
and 10, there is a predominance of negative charges in both
adsorbent and Phe molecules with the effect of electrostatic
repulsion on the adsorption performance being observed prior to
4 h. Such effect is not as signiﬁcant when adsorption equilibrium is
reached and is attributed to a change in the dominant adsorption
mechanism from one dependent on the solution pH (e.g., inter-
action of ionized groups of Phe with groups at the adsorbent
surface) to one that is independent, such as hydrophobic interac-
tions, after 8 h of adsorption. pH measurements after equilibrium
were close to pHPZC for all values of initial solution pH between 4
and 8, with this variation explained by the Hþ ions released by the
ionized carboxylic groups of Phe molecules neutralizing negative
charges at the adsorbent surface, partially restoring the charge
balance to a value close to pHPZC. For the case of initial pH 2, the pH
value remained unaltered during the entire adsorption period,
corroborating the hypothesis of a mechanism of hydrophobic
interactions between Phe and the adsorbent surface. Rajesh,
Majumder, Mizuseki, and Kawazoe (2009) demonstrated that
C.C.O. Alves et al. / LWT - Food Science and Technology 51 (2013) 1e8 5aromatic rings of amino acids tend to orient in parallel with
respect to the planes of graphene sheets, favoring p-p type
interactions, because this conﬁguration is more energetically
stable than others.
The inﬂuence of adsorbent dosage on Phe adsorption can be
viewed in Fig. 2c. Removal efﬁciency increased with the increase in
adsorbent dosage, given the corresponding increase in number of
available active adsorption sites resulting from the increase in
adsorbent mass. However, the amount of Phe adsorbed per unit
mass of adsorbent decreased with increasing adsorbent mass, due
to the reduction in adsorbate/adsorbent ratio. Based on these
results, the remaining experiments were conducted with an
adsorbent dosage of 10 g L1, a choice based on the fact that higher
dosages led to a signiﬁcant decrease in Phe loading, whereas lower
dosages did not present satisfactory Phe removal percentage.
3.4. Effects of initial Phe concentration and contact time
The data in Fig. 3a show that an increase in Phe initial concen-
tration led to an increase in the total amount adsorbed, given the
corresponding increase in driving force (concentration gradient).
Results in Fig. 3a also show that a contact time of 3 h almost assured
attainment of equilibrium conditions for all evaluated initial Phe
concentrations. The same qualitative behavior was observed for
experiments conducted at higher temperatures (35 and 45 C) and
also for the adsorbent prepared in our previous study (Clark et al.,
2012), DCAC, under the same activation conditions. However, the
adsorbent herein prepared (CCAC) was more efﬁcient than that
based on defective coffee press cake (Fig. 3b). Adsorption occurs0
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Fig. 3. Effect of contact time on Phe adsorption by the prepared adsorbent: (a) Vari-
ations in amount adsorbed and (b) variations in ﬁnal concentration in comparison to
the study of Clark et al. (2012) (25 C; initial solution pH: 6; adsorbent dosage:
10 g L1; initial Phe concentration: A 200 mg L1;  300 mg L1; * 500 mg L1; -
750 mg L1;: 1000 mg L1;C 1500 mg L1). Open symbols refer to the results from
Clark et al. (2012).faster, probably due to the fact that CCAC has signiﬁcantly higher
values of pore volume than DCAC (Table 1).3.5. Adsorption equilibrium
The adsorption isotherms at 25, 35 and 45 C are displayed in
Fig. 4. The shapes of the curves are characteristic of favorable
adsorption, regardless of temperature. The isotherms show that an
increase in temperature led to a decrease in the amount adsorbed,
indicating the exothermicity of Phe adsorption. Such behavior can
be attributed to Phe molecules presenting greater tendency to form
hydrophobic bonds in solution as temperature increases, thus
diminishing their hydrophobic interactions with the adsorbent
surface (El Shafei &Moussa, 2001). The samewas observed by Clark
et al. (2012) employing DCAC as adsorbent. However, a comparison
of the 25 C isotherms obtained for CCAC (-) and DCAC (,) (Fig. 4)
shows that, even though the activation procedure was the same,
the corn cob-based adsorbent presented signiﬁcantly higher
adsorption capacity.
Two and three-parameter models were evaluated for equilib-
rium descriptionand results are shown on Table 2. Model selection
was based on highest r2 values coupled with the lowest difference
between calculated and experimental results, qe values, evaluated
according to:
RMSð%Þ ¼ 100
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃXh
qe;est  qe;exp

qe;exp
i2
=N
r
(3)
where qe,exp and qe,est are the experimental and calculated equi-
librium adsorbed amounts, respectively, and N is the number of
experimental isotherm points.
An evaluation of both r2 and RMS values shows that Phe
adsorption was better described by the LangmuireFreundlich
model, regardless of temperature. Even though Langmuir
provided a better description than Freundlich, there is an increase
in RMS values for Langmuir with the increase in temperature. Also,
the value of parameter n in the LangmuireFreundlich model
increased with an increase in temperature, indicating a possible
change in adsorption mechanism. This is associated to Phe mole-
cules presenting a greater tendency to form hydrophobic bonds in
solutionwith the increase in temperature as opposed to interacting
with the adsorbent surface (El Shafei & Moussa, 2001). Maximum0
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Fig. 4. Adsorption isotherms obtained for DCAC (- 25 C; : 35 C; C 45 C) and
CCAC (, 25 C); solid lines represent Langmuir ﬁts.
Table 2
Adsorption isotherm models and ﬁtting parameters.
Model Equation Parameter values r2 RMS (%)
25 C 35 C 45 C 25 C 35 C 45 C 25 C 35 C 45 C
Langmuir qe ¼ qmKLCe1þ KLCe
KL¼ 0.0025 KL¼ 0.0031 KL¼ 0.0034 0.992 0.995 0.980 5.527 3.694 6.490
qm¼ 109.22 qm¼ 83.377 qm¼ 69.911
Freundlich qe ¼ KFCne KF¼ 1.148 KF¼ 1.411 KF¼ 1.576 0.984 0.972 0.937 6.639 8.563 11.524
n¼ 1.546 n¼ 1.724 n¼ 1.864
Temkin qe ¼ ðRT=bÞ ln ðKTCeÞ KT¼ 0.032 KT¼ 0.029 KT¼ 0.028 0.964 0.997 0.986 11.024 2.518 3.757
RT/b¼ 9.033 RT/b¼ 8.223 RT/b¼ 7.288
LangmuireFreundlich qe ¼ KLFqmC
n
e
1þ KLFCne
KLF¼ 0.0022 KLF¼ 0.0011 KLF¼ 0.0003 0.993 0.996 0.998 5.214 1.081 1.527
qm¼ 106.481 qm¼ 65.178 qm¼ 50.982
n¼ 1.03 n¼ 1.290 n¼ 1.579
qe (mg g1) is the equilibrium adsorption capacity; Ce (mg L1) is the solute concentration in the aqueous solution, after equilibrium; qm (mg g1) is the maximum adsorption
capacity; the remaining constants are empirical parameters associated to each speciﬁc model.
Table 4
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a comparable value to those of other adsorbents reported in the
literature (Table 3). It is noteworthy to emphasize that adsorption
capacity was either equivalent or higher than that of non-residue-
based adsorbents such as zeolites and synthetic resins.Kinetic parameters for Phe adsorption.
Phe initial concentration (mg L1)
200 300 500 750 1000
25 C
qe (experimental) 14.42 20.01 32.92 46.64 57.21
Pseudo-ﬁrst-order
k1 (h1) 2.358 1.264 1.371 1.502 3.289
qe (estimated) (mg g1) 14.377 20.06 32.78 46.92 57.17
r2 0.989 0.993 0.986 0.996 0.986
RMS (%) 9.496 5.957 6.205 2.398 2.831
Pseudo-second-order
k2 (gmg1 h1) 0.1981 0.0634 0.0442 0.0323 0.0695
qe (estimated) (mg g1) 15.82 23.12 37.27 53.78 62.74
r2 0.983 0.993 0.992 0.985 0.962
RMS (%) 2.336 4.741 3.390 6.230 6.251
Intra-particle diffusion
kp (mg g1 h1/2) 13.41 16.10 24.30 34.88 55.39
C 0.00 0.00 0.00 0.00 0.00
r2 0.989 0.967 0.992 0.956 0.966
35 C
qe (experimental) 14.31 19.69 32.21 42.78 51.00
Pseudo-ﬁrst-order
k1 (h1) 3.131 5.120 7.417 3.921 5.608
qe (estimated) (mg g1) 13.82 18.29 31.11 39.94 47.99
r2 0.956 0.906 0.941 0.934 0.950
RMS (%) 8.443 6.134 4.596 6.034 4.655
Pseudo-second-order
k2 (gmg1 h1) 0.3112 0.3905 0.3562 0.1374 0.1705
qe (estimated) (mg g1) 14.95 19.78 33.22 43.18 51.51
r2 0.974 0.967 0.983 0.982 0.990
RMS (%) 4.770 3.722 2.507 3.161 2.081
Intra-particle diffusion
kp (mg g1 h1/2) 3.02 4.58 4.39 11.90 9.483.6. Adsorption kinetics
The controlling mechanism of the adsorption process was
investigated by ﬁtting pseudo-ﬁrst and second-order kinetic
models to experimental data (Ho, 2006). The kinetic rate equations
are:
dqt
dt
¼ knðqe  qtÞn (4)
where qe and qt are the amount of Phe adsorbed per unit mass of
adsorbent (mg g1) at equilibrium and at time t, respectively, and kn
is the rate constant for nth order adsorption (units are h1 for n ¼ 1
and gmg1 h1 for n¼ 2). For the pseudo-ﬁrst-order model (n¼ 1),
the integrated equation is:
qt ¼ qe

1 ek1t

(5)
Integration of the pseudo-second-order (n ¼ 2) model leads to:
qt ¼ k2q
2
et
1þ k2qet
(6)
Evaluation of model ability to predict the experimental datawas
based on both regression correlation coefﬁcient values (r2) and
difference between experimental (qt,exp) and model-estimated
(qt,est) values, evaluated by means of the error measure:Table 3
Monolayer maximum adsorption capacity of several adsorbents for phenylalanine
removal.
Adsorbent Q0 (mg g1) Reference
Activated corn cobs 109.3 This study
Polymeric adsorbent 115.6 Grzegorczyk and
Carta (1996)
Commercial activated carbon 100.0 Garnier et al. (2007)
Polymeric resins 65.9e100.8 Díez et al. (1998)
Spherical carbon aerogels 66.1 Long et al. (2009)
Activated defective coffee beans 65.4 Clark et al. (2012)
calcined CuZnAleCO3 layered
double hydroxides
46.4 Feng-Pei et al. (2012)
Macroporous resins 12e67 Mei, Min, and Lü (2009)
NAZSM-5 zeolite 41.3 Titus et al. (2003)RMSð%Þ ¼ 100
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃXh
qt;est  qt;exp

qt;exp
i2
=N
r
(7)where N is the number of experimental points in each qt vs. t curve.C 9.03 11.74 25.65 22.43 34.92
r2 0.981 0.999 0.974 0.978 0.861
45 C
qe (experimental) 13.32 19.20 31.15 41.29 45.75
Pseudo-ﬁrst-order
k1 (h1) 14.821 6.129 7.293 5.624 11.659
qe (estimated) (mg g1) 11.50 17.29 28.86 37.33 41.81
r2 0.901 0.912 0.971 0.942 0.949
RMS (%) 14.946 5.606 3.376 4.299 3.541
Pseudo-second-order
k2 (gmg1 h1) 1.9471 0.4966 0.3723 0.1945 0.4013
qe (estimated) (mg g1) 12.30 18.65 31.78 40.66 44.54
r2 0.944 0.970 0.992 0.986 0.986
RMS (%) 3.466 3.367 1.489 1.960 1.926
Intra-particle diffusion
kp (mg g1 h1/2) 3.20 3.82 2.60 9.64 4.64
C 7.72 12.11 26.59 23.76 36.57
r2 0.996 0.990 1.000 0.998 0.994
C.C.O. Alves et al. / LWT - Food Science and Technology 51 (2013) 1e8 7Results for the non-linear ﬁts of the kinetic models and their
estimates for equilibrium adsorption capacity are shown in Table 4.
The pseudo-second-order model provided higher r2 values and
lower values of RMS error in comparison to the pseudo-ﬁrst-order0
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Fig. 5. Fitting of intra-particle diffusion model for Phe adsorption at (a) 25 C, (b) 35 C
and (c) 45 C (initial solution pH: 6; adsorbent dosage: 10 g L1; initial Phe
concentration:  300 mg L1; * 500 mg L1; - 750 mg L1; : 1000 mg L1).model, thus being considered more adequate for description of the
adsorption data, for all evaluated temperatures. This model has
been successfully applied for description of adsorption kinetics of
several adsorbates, describing both chemisorption and ion
exchange (Ho, 2006). It was also the more adequate model for
description of Phe removal by DCAC (Clark et al., 2012).
Given the porous nature of CCAC (Section 3.2), diffusion inside
the pores was investigated according to the intra-particle diffusion
model (Clark et al., 2012):
qt ¼ kpt1=2 þ C (8)
where kp is the intra-particle diffusion rate constant, evaluated as
the slope of the linear portion of the curve qt vs. t1/2. Results for
intra-particle diffusion are displayed in Fig. 5 and the correspond-
ing calculated parameters are shown in Table 4. If intra-particle
diffusion is the rate-controlling step, the qt vs. t1/2 plot should be
a straight line passing through the origin. However, this plot can
present up to four linear regions, representing ﬁlm diffusion, fol-
lowed by diffusion in micro, meso, and macropores, and ﬁnally
a horizontal line representing the adsorption equilibrium. An
evaluation of curves in Fig. 5 shows that, for each value of initial
concentration, three distinct ﬁtted lines can be identiﬁed, with
variations in the overall qualitative behavior with the increase in
Phe initial concentration and temperature. An increase in slope can
be observed for the ﬁrst two lines with an increase in initial
concentration, this being attributed to the corresponding increase
in the driving force for mass transfer between solution and adsor-
bent (Clark et al., 2012). For Phe removal at 25 C (Fig. 5a),
regardless of the initial Phe concentration, the ﬁrst line passes
through the origin, indicating that pore diffusion is an important
mechanism. However, as the temperature and initial Phe concen-
tration increase, the line intercept moves away from the origin,
indicating that ﬁlm diffusion becomes also important. This is also
an indication that the adsorption mechanism is changing with
temperature, as previously mentioned. The fact that Phe molecules
will form hydrophobic bonds in solution as opposed to bonding
with the adsorbent as temperature increases could explain the shift
in mechanism from pore to ﬁlm diffusion, given that the adsorbent
structure and porosity will not be affected by the change in
temperature.With the hydrophobic interactions in the solution, the
size and nature of the molecules will change and probably affect
their diffusion characteristics, since larger molecules diffuse with
more difﬁculty than smaller ones.4. Conclusions
Thermally and chemically treated corn cobs were used for
adsorption of phenylalanine. The prepared adsorbent was essen-
tiallymicroporous, with adequate chemical make-up at the surface.
The predominant adsorption mechanism was of hydrophobic type,
but others were also observed (e.g., interaction of the ionized
carboxylic group of the Phe at the adsorbent surface), depending on
the solution pH. The phosphate group introduced in the adsorbent
during chemical activation also plays a role in Phe removal. Results
presented in this study conﬁrm that agricultural residues present
potential as raw materials in the production of adsorbents for
phenylalanine removal.Acknowledgments
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